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The increasingly manifest impacts of global warming have made it a global priority to phase out the 
use of petrol and diesel as transportation fuels in favour of hydrogen. But the production of hydro- 
gen by most existing technologies entails substantial use of fossil fuels and CO2 emissions; indeed as 
much as 2.5-5 tonnes of carbon is released as CO, per tonne of hydrogen currently produced by conven- 
tional means. Hence the production of hydrogen can be ‘carbon-free’ only if it is generated by employing 
genuinely carbon-free renewable energy sources. 

The present review deals with the options, prospects, and challenges associated with this very high- 
priority area of global concern. 


© 2011 Elsevier Ltd. All rights reserved. 


Contents 


T- INtrOdUCHOMN i: .iccccacescccaes Sisters EVE ETEN EE EK EEEE deans 


N 


Production of renewable non-carbogenic hydrogen... 
3: Solar hydrogens eaor peA E OROAR 


3.1. Solar thermal hydrogen production systems ..................- 
3.2. ‘Solar-specific’ water-splitting ................. ccc cece eee eee eee 


3.3. Direct solar-to-hydrogen photoconversion 


4. Wind-to-hydrogen..................00eee eee 

5. Other routes to renewable hydrogen.... 

6. Economics of renewable hydrogen ................ccceeeeeeeeeeeeeeeeees 

Te “COMGMUSION 2 aros eE te Seon ottie ataien wma cnidek sean eek ERNE SADECE 
References onscreen enoa aaa e E O ea etens sean awe 


1. Introduction 


Dissociation of water by electrical or thermal means generates 
hydrogen and oxygen: 


2H20 = 2H? +02 (1) 


If this hydrogen is separated and used as a fuel, on combustion in 
air or oxygen it regenerates water: 


2H2 + 02 = 2H20 (2) 


If a means can be found to split water using energy produced by 
a renewable, ‘non-carbon’ source like wind or solar, the hydrogen 
then produced would also be a renewable source of energy in the 
true sense. Hydrogen can be, and is, produced on a large scale by 
several other processes which consume fossil fuels, for example the 
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production of hydrogen by decarbonizing CNG, but these routes of 
hydrogen production are neither renewable, nor ‘carbon free’ [1,2]. 
As much as 450 billion m? of hydrogen is currently produced and 
consumed in the world (Table 1) but mostly as raw material for 
various other chemicals and not as a fuel [3,4]. Moreover, nearly 
all of this hydrogen is generated by processes which use fossil 
fuels, hence by ‘unclean’ route. For each tonne of hydrogen pro- 
duced from hydrocarbons, approximately 2.5 tonnes of carbon is 
released as CO2. When hydrogen is produced from coal, approxi- 
mately 5 tonnes of carbon is emitted per tonne of hydrogen to the 
atmosphere [3,5]. 

Unfortunately, at the present level of advancement in differ- 
ent technologies for hydrogen production, the one based on water 
consumes the maximum energy (Fig. 1) [6]. For this reason only a 
small fraction of total hydrogen production in the world at present 
is based on water as a raw material (Fig. 2). 

But there is very great thrust towards shifting from fossil-fuel 
based economy to an economy based on hydrogen as fuel [7-11]. As 
explained above, the combustion product of hydrogen being water, 
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Table 1 

Hydrogen consumption in the world. 
Category Hydrogen consumed 

Billion m? Share (%) 
Ammonia producers 273.7 61 
Oil refineries 105.4 23 
Methanol producers 40.5 9 
Others 13.6 3 
Merchant users 16.1 4 
Total 449.3 100 
250 
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Fig. 1. Relative energy consumption in the production of hydrogen from different 
materials at the present level of technology 


it is a non-polluting fuel when burnt. Despite this great advan- 
tage, there are problems associated with hydrogen usage which are 
to be solved. For example hydrogen is the lightest of all elements 
(Table 2); and is much more difficult to liquefy than methane and 
propane (which are the constituents of LPG and CNG)—the critical 
temperature of hydrogen being very low (Table 2). The energy den- 
sity of hydrogen is also much lower than other fuels (Table 3) which 
means a vehicle running on hydrogen has to have much larger 
fuel tank than a petrol/diesel run vehicle. Some other properties 
of hydrogen in comparison to other fuels are presented in Table 4. 

There are also concerns over problems related to hydrogen gas 
leakage [12]. Due to the small size and light weight of hydrogen 
molecules, molecular hydrogen leaks from most containment ves- 


Table 3 
Energy densities of common fuels and hydrogen. 
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Fig. 2. Relative quantities of raw materials presently used for hydrogen production 


Thermal conductivity at 25°C 
Viscosity at 25°C 

Heat capacity (Cp) of gas at 25°C 

Heat capacity (Cp) of liquid at -256°C 
Heat capacity (Cp) of solid at —259.8 °C 


Table 2 

Some physical properties of hydrogen. 
Characteristic Value 
Molecular weight 2.01594 
Density of gas at 0°C and 1 atm 0.08987 kg/m? 
Density of solid at —259°C 858 kg/m? 
Density of liquid at —253°C 708 kg/m? 
Melting temperature —259°C 
Boiling temperature at 1 atm —253°C 
Critical temperature —240°C 
Critical pressure 12.8 atm 
Critical density 31.2 kg/m? 
Heat of fusion at —259°C 58 kJ/kg 
Heat of vaporization at —253°C 447 kJ/kg 


0.019 kj/(m°C) 
0.00892 centipoise 
14.3 kj/(kg°C) 

8.1 kj/(kg°C) 

2.63 kJ/(kg °C) 


Fuel Energy density (MJ/m? Energy density (MJ/m? Energy density (MJ/m? Energy density Gravimetric energy 
at 1 atm, 15°C) at 200 atm, 15°C) at 690 atm, 15°C) (MJ/m? of liquid) density (MJ/kg) 

Hydrogen 10 1825 4500 8491 140.4 

Methane 32.6 6860 20,920 43.6 

Propane 86.7 23,488 28.3 

Gasoline 31,150 48.6 

Diesel 31,435 33.8 

Methanol 15,800 20.1 

Table 4 


Comparison of hydrogen with other fuels. 


Fuel LHV (MJ/kg) Stoichiometric Flame temperature Minimum ignition Autoignition 
(°C) energy (MJ) temperature (°C) 
HHV (MJ/kg) Air/fuel ratio Combustible range (%) 

Methane 50 55:5 17.2 5-15 1914 0.30 540-630 
Propane 45.6 50.3 15.6 2.1-9.5 1925 0.30 450 

Octane 47.9 15.1 0.31 0.95-6.0 1980 0.26 415 

Methanol 18.0 22.7 6.5 6.7-36.0 1870 0.14 460 

Hydrogen 119.9 141.6 34.3 4.0-75.0 2207 0.017 585 

Gasoline 44.5 47.3 14.6 1.3-7.1 2307 0.29 260-460 
Diesel 42.5 44.8 14.5 0.6-5.5 2327 180-320 
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Fig. 3. Direct (shaded rectangles) and electrolytic routes to production of hydrogen using renewable energy sources. 


sels. It has been hypothesized that if significant amounts of H2 
escape to the stratosphere, free radicals of hydrogen can be formed 
due to ultraviolet radiation, which in turn can enhance the ozone 
depletion [3]. 


2. Production of renewable non-carbogenic hydrogen 


If the use of a renewable energy resource for generating hydro- 
gen can be made economically viable it would also provide a means 
of storing, and utilizing at will, the energy source. For example wind 
and solar energies are intermitant. An excess of them is generated 
at certain times and there is zero generation at some other times. 
This makes it necessary to find a way by which energy generated 
from these sources is stored for use when needed. Conversion to 
hydrogen is one of the most desirable options [13-15]. 

The existing methods for the production of ‘renewable’ hydro- 
gen can be divided into two major categories: direct and electrolytic 
conversion methods (Fig. 3). Of these, the electrolytic route is com- 
mon to all the renewable non-carbogenic resources; init the energy 
source is first converted to electricity followed by the production 
of hydrogen via electrolysis of water. When the energy source is 
direct solar, it can be converted to hydrogen via both electrolytic 
and direct conversion routes [16-18]. 


3. Solar hydrogen 


Solar hydrogen is considered an ultimate solution to energy and 
environmental problems facing mankind, and, not surprisingly, it is 
an object of very intense research efforts worldwide [10,19-23]. As 
shown in Fig. 3, solar hydrogen can be produced by splitting water 
via: 


(i) Combination of a solar cell with an electrolyzer. 
(ii) Combination of a concentrated solar thermal system with a 
turbine and an electrolyzer. 
(iii) Combination of a solar concentrating system with a thermo- 
chemical water-splitting cycle. 


(iv) Direct photoconversion (photocatalytic, photoelectrochemi- 
cal, photobiological). 


Coupling of solar cell, for example photovoltaic (PV) and solar 
thermal systems with an electrolyzer represents a promising near- 
term option for solar production of hydrogen. While solar cell is a 
well established technology, it is still either too expensive or lacks 
sufficiently high energy efficiency for the widespread commercial 
production of hydrogen [18,24]. Assuming that water electrolysis 
devices operate at 70-75% energy efficiency, the total (or inte- 
grated) solar-to-hydrogen (STH) energy efficiency is only about 
8-14% for commercial silicon-based PV cells [25]. It has the poten- 
tial to rise to 25-30% and even higher if more advanced PV cells and 
electrolyzers can be developed [12,25]. Kelly et al. [10,18] report 
a strategy for optimizing hydrogen generation and battery charg- 
ing using solar systems in which no charge controllers or power 
converters are needed. This reduces costs and improves systems 
efficiency. The PV panels are connected directly to the electrolysis 
unit by designing the solar collectors to provide minimum power 
at a voltage that would match the fixed operating voltage to the 
electrolysis cell [26]. A slightly different procedure is used for an 
optimized solar battery charging module by taking advantage of 
the sharp fall-off in the PV module voltage at voltages above the 
maximum power point (MPP), resulting in self-regulation of the 
battery charging. 

In 1995, the first solar hydrogen facility began operations in El 
Segundo, California. It used an advanced PV system coupled with an 
electrolyzer and produced about 50-70 m? /day of hydrogen. From 
then onwards a number of systems have been set up to demon- 
strate the feasibility of generating ‘solar’ hydrogen and finding 
ways to improve its economics. Recent efforts include a stand-alone 
demonstration unit in which a polymer electrolyte membrane elec- 
trolyzer system for generating hydrogen is directly energized by 
a PV solar array [14], and a weather station based on a PV stor- 
age [15]. As a part of the US Department of Energy’s Hydrogen, 
Fuel Cells and Infrastructure Technologies programme, its National 
Renewable Energy Laboratory (NREL) is testing and characterizing 
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Table 5 
Efficiency of the electrolyzers and stacks at the wind-to-hydrogen demonstration 
project at NREL, USA. 


Efficiency PEM electrolyzer Alkaline electrolyzer 
LHV HHV LHV HHV 
Stack efficiency 
Low current 80% (5 A) 95% (5A) 78% (30 A) 92% (30A) 
Rated current 63% (5 A) 75% (135A) 59%(220A) 70% (220A) 


System efficiency 
Low current 0%(15A) 
Rated current 49%(135A) 


0% (15A) 
57% (135A) 


0% (35 A) 
35% (220A) 


0% (35A) 
41% (220A) 


two electrolyzer technologies—namely, polymer electrolyte mem- 
brane (PEM) and alkaline electrolyzer systems (AES). Efficiencies 
of the two systems were calculated using experimental data from 
system operation, on the basis of both the higher heating value 
(HHV) of hydrogen (39.4kWh/kg) and the lower heating value 
(LHV33.3 kWh/kg). Stack efficiency attains a peak at low current 
while the overall electrolyzer system efficiency is greatest when 
operating at rated stack current (Table 5). 

There is obvious potential for hydrogen generation by PV- 
electrolysis systems provided the cost ofa PV system is significantly 
reduced. One of the possible strategies is to utilize appropriate 
methods to orient PV modules for optimum solar capture on cloudy 
days [17,18]. Conventional tracking systems increase the solar 
energy capture on sunny days when there are no clouds, but on 
cloudy days such systems can actually reduce the solar energy 
capture. Orienting the solar modules skyward on cloudy days can 
improve solar energy capture by over 40% relative to modules that 
are oriented towards the obscured sun. 

Another method to improve component efficiencies is to remove 
heat from the PV system, where higher temperatures reduce effi- 
ciency, and add the captured heat to the electrolyzer, where higher 
temperatures improve efficiency [10]. Attempts can also be made 
to capture compression energy in the oxygen waste stream, as well 
as the hydrogen stream, in a high-pressure electrolyzer [27]. These 
potential improvements may contribute to making solar hydrogen 
production more cost effective. 


3.1. Solar thermal hydrogen production systems 


Solar thermal systems can provide higher STH energy conver- 
sion efficiencies than solar photoconversion systems because of 
potentially higher solar-to-work efficiencies [1,28]. The overall STH 
energy conversion efficiency of a solar thermal system can be deter- 
mined by multiplying the system efficiency ns by the electrolyzer 
efficiency: 


NsTH = "sNel (3) 


where nsr is overall solar-to-hydrogen energy conversion effi- 
ciency; ns is the efficiency of solar-to-work conversion, and ne is 
an electrolyzer efficiency. 

At an electrolyzer efficiency of 70-75%, the tower and dish- 
type concentrators with concentration ratios of 1000 and 10,000 
when coupled with the electrolyzer can generate hydrogen with 
the STH efficiencies of 50% and 60%, respectively. Coupling of high 
and ultra-high temperature solar concentrators with thermochem- 
ical water splitting cycles (TWSC) can potentially offer even higher 
STH efficiencies (up to 60-70%) compared to photo conversion 
and solar concentrator-electrolyzer systems because there is no 
need for intermediate conversion of solar heat to electricity, and 
NstH =s. Solar concentrating systems can achieve much higher 
temperatures (up to 2500°C and even higher) compared to nuclear 
reactors (up to 1000°C), which allows significant expansion of the 
range of thermochemical cycles that could be utilized for hydrogen 


production from water [3]. Solar chemical reactors coupled with 
high-concentration solar systems typically utilize a cavity receiver- 
type configuration, i.e., a well insulated enclosure with a small 
opening (the aperture) to let in the concentrated solar radiation 
[21]. 

In theory, solar thermal production of hydrogen can be accom- 
plished simply using concentrated solar radiation for heating up 
water to its dissociation temperature followed by separation of 
hydrogen from the equilibrium mixture. Unfortunately, the decom- 
position of water does not proceed with sufficiently high yield until 
a temperature of about 4000°C is achieved [6,29]. Attempts have 
been made to directly split water using an ultra-high temperature 
(up to 2230°C) solar concentrator and a ceramic membrane for 
H2-O2 separation [30]. Although conceptually simple, the direct 
water-splitting method potentially faces a number of daunting 
technical challenges, including very low rates of conversions, dura- 
bility of construction materials, gas separation problem, etc., which 
makes this approach unlikely to succeed on a commercial scale [24]. 

Hence the efforts in the solar thermochemical water-splitting 
field have been focused on the development of multi-step cyclic 
processes that can be carried out at temperatures below 2000°C. 
One major class of TWSC that fits in the range of temperatures pro- 
vided by tower and dish-type solar concentrators are the two-step 
cycles involving metal (M) oxides: 


MxOy > xM + (y/2)O2 (endothermic) (4) 
xM +yH20 —> MxOy + yH: (exothermic or thermo-neutral) (5) 


In most cases the reaction (4) is endothermic and requires 
high temperatures for its completion: ZnO ~ 2000°C, MgO and 
Fe203 ~ 3400 °C, Ti02 ~ 3700 °C [31]. Thus, except for the dissoci- 
ation of ZnO, all other oxides require temperatures unattainable 
in most practical solar concentrating systems. The Zn/ZnO redox 
reactions can be utilized via a two-step thermochemical cycle: (a) 
endothermic thermal dissociation of ZnO(s) into Zn(g) and O, at 
2730 K using process heat derived from concentrated solar energy, 
and (b) the exothermic hydrolysis of Zn(I) at 700 K to from H2 and 
ZnO(s) [32,33]. 

There are several technical challenges to the Zn/ZnO redox pair 
that would require further R&D efforts [33,34]. Due to the high 
temperature of the reaction, decomposition of ZnO results in vapor- 
ization of the product Zn. It becomes necessary to quench the 
product, Zn, in order to avoid its reoxidation, which is difficult to 
accomplish in a large-scale system. Moreover, in a closed, directly 
heated solar reactor/receiver system, it would be problematic to 
prevent condensation of zinc on the optical window. 

The advantages of a cycle increase as the required peak tempera- 
tures are reduced, in that a greater range of heat sources can then be 
considered for a given application. Consequently, research has been 
carried out to lower the peak temperatures required in TWSCs [35]. 
The use of mixed oxides, e.g., (Fe1-xMx)304 (where M=Mn, Co, Ni, 
Zn, Mg, etc.), Ni-Mn-Fe-Oy, etc., allows lowering of the maximum 
temperature of the cycle. Yet, some of the cycles have shown prob- 
lems with sintering and deactivation of the metal oxides at high 
temperatures [36]. Besides, these cycles require handling of a very 
large mass of materials per unit of hydrogen produced. There have 
been attempts to use concentrated solar radiation to drive TWSC 
that were originally designed for the nuclear interface, e.g., SI cycle, 
and UT-3 cycle [37], with the efficiencies of 45 and 49.5%, respec- 
tively. Out of a large number of water-splitting cycles potentially 
suitable for the concentrated solar energy applications, 30 cycles 
(mostly two- and three-step cycles) operating in the temperature 
range of 900-2000°C appear suitable for further evaluation [38]. 
A process for hydrogen production at temperatures below 550°C, 
including thermochemical cycles, has been reported [35]. But rigor- 
ous experimental evaluation of the kinetics, and careful assessment 
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of side reactions, etc., will have to be performed before any of these 
can be tried on a pilot scale. 
An acceptable process cycle should have these attributes: 


(1) Within the temperatures considered, the change in free energy 

of the individual reactions should approach zero. 

(2) The number of steps should be minimal. 

(3) Each individual step must have both fast reaction rates and rates 

which are similar to the other steps in the process (so that any 

one step does not slow down the entire process). 

(4) The reaction products should not result in chemical by- 

products, and any separation of the reaction products must be 

minimal in terms of cost and energy consumption. 

(5) Intermediate products must be such that they are easily han- 
dled. 


There are several processes which meet the five criteria, such 
as the Ispra-Mark UT-3 process, and the sulfuric acid decompo- 
sition process [31,39]; however, they are still much costlier in 
comparison to other hydrogen generation technologies. In addition, 
these processes require large quantities of highly hazardous (toxic 
and corrosive) materials. The conditions of high temperatures, 
high pressures, and hazardous material handling also generate 
the need for special materials to build the reactors [40]. Finally, 
several of them such as the hybrid sulfur Ispra-Mark 11 pro- 
cess require inefficient electrochemical steps which need to be 
improved. 

It is believed that scaling up the processes may lead to improved 
thermal efficiency overcoming one of the principle challenges faced 
by this technology. In addition, a better understanding of the rela- 
tionship between capital costs, thermodynamic losses, and process 
thermal efficiency may lead to decreased hydrogen production 
costs. The current processes all use four or more reactions, and it 
is believed that an efficient two reaction process may make this 
technology viable [31]. Ewan and Allen [41] have assessed the 
limiting thermodynamic efficiencies of thermochemical cycles for 
hydrogen production on the basis of thermodynamic principles. 
The limiting values are instructive for designers, as they identify 
ideal limits and thus help realistic efficiently targets to be estab- 
lished. Considerations of the second law of thermodynamics are 
essential to determining peak efficiencies, and exergy methods can 
be employed in such computations. All said and done, whether the 
technology will also be ‘clean’ is a big question. 


3.2. ‘Solar-specific’ water-splitting 


It is possible to develop ‘solar-specific’ water-splitting cycles. 
This has aroused great interest because, in contrast to traditional 
solar-driven TWSCs that utilize only the thermal component of 
solar radiation (i.e., solar heat), ‘solar specific’ cycles also take 
advantage of the photonic component of the solar source, which 
might reduce the maximum temperature of the cycle and poten- 
tially increase overall STH energy efficiency. The approach is based 
on splitting water using multi-step cycles that include at least 
one photochemical step utilizing solar photons. One example is a 
hybrid sulfur ammonia (SA) photo-thermochemical water-splitting 
cycle developed at the Florida Solar Energy Center [42]. In this 
cycle, the photonic (near UV and visible photons) component of 
the solar spectrum is utilized for the production of Hz and the 
thermal component for generating oxygen. Utilization of the full 
solar spectrum potentially allows this cycle to achieve higher 
overall efficiency than the purely thermochemical water-splitting 
cycles. 

The intermittent nature of solar radiation availability poses 
problems in this route also. In contrast to nuclear-powered cycles 
that can operate 24h to 7 days under any weather conditions, the 


solar source being of an intermittent nature, imposes severe limita- 
tions on the overall system efficiency and significantly complicates 
the operation of the cycles. The thermal transient conditions in the 
reactor-receiver and other parts of the system that are under enor- 
mous thermal stress conditions may result in failure of construction 
materials and, especially, of catalysts that operate efficiently in a 
narrow temperature range. Despite these daunting technological 
challenges, solar TWSCs are a very active area of solar hydrogen 
research, even though, as of now, no commercially viable applica- 
tion is in sight. 


3.3. Direct solar-to-hydrogen photoconversion 


Direct solar-to-hydrogen photoconversion systems (e.g., pho- 
tocatalytic, photoelectrochemical, photobiological water splitting) 
offer certain advantages over solar thermal systems as they are 
less complex and operate at near-ambient conditions. Due to this 
reason such systems have attracted a large number of research 
groups worldwide since the late 1970s. The photocatalytic systems 
use visible light-absorbing dye- or metallo-complex-based com- 
pounds with suitable photo-redox properties to carry out splitting 
of water. Photoelectrochemical systems utilize low band-gap semi- 
conductors in the form of electrodes or particulates suspended in 
aqueous solutions. Photobiological systems involve special algae 
and photosynthetic microorganisms. The direct solar photocon- 
version routes are based on initial absorption of solar photons, 
followed by a series of chemical transformations involving a photo- 
induced charge transfer leading to catalytic reductions of protons 
to molecular hydrogen and oxidation of water (or hydroxyl ions) to 
molecular oxygen. The down side is that even though these reac- 
tions can be conducted at low temperature (due to photo-activation 
of the reacting species, as opposed to thermal activation which 
is characteristic of thermochemical water splitting), the solar-to 
hydrogen efficiencies of the direct photoconversion systems are 
relatively low (less than 10%), and most of them lack long-term 
stability (they are subject to photodegradation). 

In addition to semiconductor devices for photoelectrolysis, it 
is possible to use suspended metal complexes in solution as the 
photochemical catalysts. Typically, nano-particles of ZnO, Nb205 
and TiO; have been used [43]. These systems promise the use of low 
cost materials and high efficiencies. Current research is devoted to 
realizing this promise. This application of nanotechnology offers 
new hope but when it will translate into a reality is hard to tell 
[44]. 


4. Wind-to-hydrogen 


In the US, the NREL is overseeing the testing of a pilot- 
scale experimental wind-to-hydrogen energy production system 
[45]. The system links 100K wind turbines with PEM-type and 
alkaline electrolyzers with the combined output of 20 kg/day of 
hydrogen (which is compressed to about 230 atm and stored in 
advanced storage tanks). The actual cost of the hydrogen pro- 
duced is $5.50/kg, but it is projected to drop as larger and more 
advanced wind turbines are developed and installed. The cost tar- 
get is $3.10/kg by 2012 and $2/kg by 2017. Electricity-generated 
hydrogen may become competitive with gasoline as and when the 
cost of wind power drops to $0.015/kWh. 

Wind-to-hydrogen systems are being explored elsewhere as 
well [14,46], with different strategies to minimize costs. For exam- 
ple Takahashi et al. [46] have employed a variable speed wind 
generator and an electrolyzer installed in parallel with it for 
hydrogen production. Output power from the wind generator is 
smoothed and supplied to the power system as well as to the elec- 
trolyzer based on a cooperative control method. 


T. Abbasi, S.A. Abbasi / Renewable and Sustainable Energy Reviews 15 (2011) 3034-3040 3039 


5. Other routes to renewable hydrogen 


Some experts propose hydroelectric, geothermal, and OTEC 
power as sources of renewable ‘carbon-free’ hydrogen. Accord- 
ing to some estimates, 15 GW of new geothermal capacity will be 
developed over the next decade. Iceland and Hawaii could poten- 
tially build their hydrogen economies based to a large extent on 
geothermal energy. The outlook for this technology depends on 
three factors: resource availability, reducing costs, and technology 
improvement. U.S. DOE’s Geothermal Technologies Center esti- 
mates that new geothermal plants are expected to operate at costs 
in the range of 4-6 cents/kWh. As for OTEC (ocean thermal energy 
conversion), the technoeconomic analysis suggests that the cost of 
electrical energy produced by an OTEC plant would be between a 
half and one-third of that of PV electricity [47]. Intensive efforts are 
also being made to generate hydrogen from anaerobic digestion 
of biomass [44,48,49] and biowastes [50]. But, as of now, success 
hasn’t been achieved even in making the much older technology of 
methane production from biomass economically feasible [53,64]. 
How long it may take to generate hydrogen in a cost-effective 
manner from biomass can only be guessed. Moreover, none of 
these power sources are really ‘carbon free’ [51-53] and in some 
situations not only generate as much greenhouse gas emissions 
as coal-based power plants but a similar scale of other adverse 
environmental impacts as well [54-59,65]. Quite often there is a 
‘domino effect’ of impacts; one impact becoming the trigger of 
another impact which in turn, may precipitate yet another impact, 
and so on[57,60,61,66]. Hence too much hope should not be pinned 
on them. 


6. Economics of renewable hydrogen 


The approximate costs of producing hydrogen with renewable 
and conventional energy sources are presented in Table 6. Cost of 
production of gasoline is also given for the sake of comparison. 
It can be seen that as of now production of ‘renewable’ hydro- 
gen (for example from wind-electrolysis and biomass routes) is 
prohibitively costly. 

The results of a cost analysis applicable to USA [62] have indi- 
cated that the electricity costs have a major impact on the hydrogen 
price if it is produced electrolytically. To produce hydrogen using 
electricity from solar or wind energy source (in order to have it 
‘carbon free’) the electricity cost must be four times lesser than 
commercial electricity prices if the cost of hydrogen is to be made 
competitive with gasoline. The implication of this analysis is that 
several system improvements need to be made to reduce the cost 
of renewable hydrogen production. 

For photovoltaic (solar) power to become competitive with the 
conventional electricity generation technologies the module cost 
has to drop to below a third of its present cost. The National 


Table 6 
Estimated cost of hydrogen production by conventional and ‘renewable’ routes. 


Route Cost? of hydrogen 
production 

Natural gas reforming 1.03 

Natural gas +CO2 capture 1.22 

Coal gasification 0.96 

Coal +CO, capture 1.03 

Wind electrolysis 6.64 

Biomass gasification 4.63 

Biomass pyrolysis 3.8 

Nuclear thermal splitting of water 1.63 

Gasoline (for reference) 0.93 


a In US dollar per kg; 2003 value. 
b Per gallon (refined). 


Research Council (NRC), USA, has estimated that the cost to pro- 
duce hydrogen via PV electrolysis today would be $28.19/kg H2 (at 
the installed cost of $3.28/Wp and electricity cost of $0.32/kWh). 
The NRC [63] has projected that assuming the installed capital 
cost of PV-electrolysis (for the future technology case) and solar 
electricity cost of $0.098/kWh, the cost of hydrogen production 
would be $6.18/kg H2. While electricity at about $0.1/kWh from 
the PV-electrolysis system looks quite attractive (especially for a 
distributed application), the cost of hydrogen production seems to 
be on the higher side. It is being hoped that technological devel- 
opments may improve the economic competitiveness of the solar 
PV technology and reduce the cost of solar hydrogen. Attempts are 
on to explore dye-sensitized solar cells (known as Gratzel cells), 
the integration of organic and inorganic nanostructures into hybrid 
solar cells, etc. Photoelectrochemical cells for direct conversion of 
solar energy to hydrogen using semiconductor materials is another 
active area of research, but there is a long way to go before com- 
mercial success is achieved. 

When integrating renewable energy production systems with 
hydrogen generation systems, it would be necessary that system 
components from different manufacturers be configured to func- 
tion smoothly together. Until standardized systems with matched 
system components are developed, systems integrators will have 
to determine appropriate component sizes to meet the needs of 
electrolysis-based energy storage projects on a case-by-case basis. 
According to Harrison et al. [45], development of optimized power 
electronics packages that can maximize energy transfer, improve 
overall system efficiency, reduce system complexity, and lower 
capital costs are imperatives for systems-level improvements. 


7. Conclusion 


In summary, even as the use of ‘renewable’ hydrogen in place of 
fossil fuels appears to be the best way to halt global warming, and 
despite very strong efforts being done world-wide to make renew- 
able hydrogen cost-effective, none of the available technologies are 
anywhere near economic viability. 


References 


[1] Shinnar R, Citro F. Decarbonization: achieving near-total energy independence 
and near-total elimination of greenhouse emissions with available technolo- 
gies. Technology in Society 2008;30:1-16. 

[2] MeibomP, Karlsson K. Role of hydrogen in future North European power system 
in 2060. International Journal of Hydrogen Energy 2010;35(5):1853-63. 

[3] Gupta RB. Hydrogen fuel. London/New York: CRC Press; 2008. p. xi+324. 

[4] Sobrino FH, Monroy CR, Perez JLH. Critical analysis on hydrogen as an alter- 
native to fossil fuels and biofuels for vehicles in Europe. Renewable and 
Sustainable Energy Reviews 2010;14(2):772-80. 

[5] Scott DS. Smelling land: the hydrogen defenses against climate catastrophe. 
Ottawa: Canadian Hydrogen Association; 2007. 

[6] Kato T. Present status of hydrogen production by electrolysis. Nihon Enerugi 
Gakkaishi/Journal of the Japan Institute of Energy 2009;88:371-7. 

[7] Bose T, Malbrunot P. Hydrogen: facing the energy challenges of the 21st cen- 
tury. Paris: John Libbey Eurotext; 2007. 

[8] Winter CJ. Hydrogen energy—abundant, efficient, clean: a debate over 
the energy-system-of-change. International Journal of Hydrogen Energy 
2009;34(14):1-52. 

[9] Haeseldonckx D, D’haeseleer W. Using renewables and the co-production of 
hydrogen and electricity from CCS-equipped IGCC facilities, as a stepping stone 
towards the early development of a hydrogen economy. International Journal 
of Hydrogen Energy 2010;35(3):861-71. 

[10] Kelly NA, Gibson TL, Cai M, Spearot JA, Ouwerkerk DB. Development of a renew- 
able hydrogen economy: optimization of existing technologies. International 
Journal of Hydrogen Energy 2010;35(3):892-9. 

[11] Zeng K, Zhang D. Recent progress in alkaline water electrolysis for hydro- 
gen production and applications. Progress in Energy and Combustion Science 
2010;36(3):307-26. 

[12] Kothari R, Buddhi D, Sawhney RL. Comparison of environmental and economic 
aspects of various hydrogen production methods. Renewable and Sustainable 
Energy Reviews 2008;12:553-63. 

[13] Alves M. Hydrogen energy: Terceira island demonstration facility. Chemical 
Industry and Chemical Engineering Quarterly 2008;14:77-95. 


3040 T. Abbasi, S.A. Abbasi / Renewable and Sustainable Energy Reviews 15 (2011) 3034-3040 


[14] Clarke RE, Giddey S, Badwal SPS. Stand-alone PEM water electrolysis system 
for fail safe operation with a renewable energy source. International Journal of 
Hydrogen Energy 2010;35(3):928-35. 

[15] Darras C, Sailler S, Thibault C, Muselli M, Poggi P, Hoguet JC, et al. Sizing of pho- 
tovoltaic system coupled with hydrogen/oxygen storage based on the ORIENTE 
model. International Journal of Hydrogen Energy 2010. 

[16] Kelly NA, Gibson TL. Solar energy concentrating reactors for hydrogen pro- 
duction by photoelectrochemical water splitting. International Journal of 
Hydrogen Energy 2008;33:6420-31. 

[17] Kelly NA, GibsonTL. Improved photovoltaic energy output for cloudy conditions 
with a solar tracking system. Solar Energy 2009;83:2092-102. 

[18] Kelly NA, Gibson TL, Cai M, Spearot JA, Ouwerkerk DB. Development of a renew- 
able hydrogen economy: optimization of existing technologies. International 
Journal of Hydrogen Energy 2010;35:892-9. 

[19] Gibson TL, Kelly NA. Optimization of solar powered hydrogen production using 
photovoltaic electrolysis devices. International Journal of Hydrogen Energy 
2008;33:5931-40. 

[20] Kelly NA, Gibson TL, Ouwerkerk DB. A solar-powered, high-efficiency hydro- 
gen fueling system using high-pressure electrolysis of water: design and initial 
results. International Journal of Hydrogen Energy 2008;33:2747-64. 

[21] Lee J, Seo T. Research activities for receivers/reactors of “solar ther- 
mal” hydrogen production and power generation in Korea. Nihon Enerugi 
Gakkaishi/Journal of the Japan Institute of Energy 2009;88:413-21. 

[22] Fresno F, Fernandez-Saavedra R. Solar thermal power generation in 
Spain—research on solar hydrogen production in CIEMAT. Nihon Enerugi 
Gakkaishi/Journal of the Japan Institute of Energy 2009;88:396-404. 

[23] Perez-Herranz V, Perez-Page M, Beneito R. Monitoring and control of a hydro- 
gen production and storage system consisting of water electrolysis and metal 
hydrides. International Journal of Hydrogen Energy 2010;35(3):912-9. 

[24] Muradov N. Role of carbon in environmentally “benign” sequestration of CO2. 
In: Proceedings of the XVII world hydrogen energy conference. 2008. 

[25] Tributsch H. Photovoltaic hydrogen generation. International Journal of Hydro- 
gen Energy 2008;33:5911-30. 

[26] Gibson TL, Kelly NA. Predicting efficiency of solar powered hydrogen genera- 
tion using photovoltaic electrolysis devices. International Journal of Hydrogen 
Energy 2010;35(3):900-11. 

[27] Kelly NA, Gibson TL, Cai M. An integrated solar-powered high-pressure hydro- 
gen, production and battery charging system GMROI#P-008657, Provisional 
patent application, S.N.61/160,445 (filed March 16, 2009); 2009. 

[28] Rosen MA. Advances in hydrogen production by thermochemical water decom- 
position: a review. Energy 2010;35(2):1068-76. 

[29] Rosen MA. Advances in hydrogen production by thermochemical water decom- 
position: a review. Energy 2010;35:1068-75. 

[30] Kogan A. Direct solar thermal splitting of water and on-site separation of the 
products. International Journal of Hydrogen Energy 1998;23:89-98. 

[31] Holladay JD, Hu J, King DL, Wang Y. An overview of hydrogen production tech- 
nologies. Catalysis Today 2009;139:244-60. 

[32] Steinfeld A. Solar hydrogen production via a two-step water-splitting ther- 
mochemical cycle based on Zn/ZnO redox reactions. International Journal 
Hydrogen Energy 2002;27(6):611-9. 

[33] Steinfeld A. Solar thermochemical production of hydrogen—a review. Solar 
Energy 2005;78(5):603-15. 

[34] KodamaT, Gokon N. Thermochemical cycles for high-temperature solar hydro- 
gen production. Chemical Reviews 2007;107(10):4048-77. 

[35] Petri MC, Yildiz B, Klickman AE. US work on technical and economic aspects 
of electrolytic, thermochemcial, and hybrid processes for hydrogen produc- 
tion at temperatures below 550°C. International Journal of Nuclear Hydrogen 
Production Applications 2006;1(1):79-91. 

[36] Basic Research Needs for Solar Energy Utilization. Report of the US DOE basic 
energy sciences workshop on solar energy utilization. Publ. Argonne Nat. Lab.; 
2005. 

[37] Sakurai M, Bilgen E, Tsutsumi A, Yoshida K. Solar UT-3 thermochemical cycle 
for hydrogen production. Solar Energy 1996;57:51-8. 

[38] Zhang W, Yu B, Chen J, Xu J. Hydrogen production through solid oxide electrol- 
ysis at elevated temperatures. Progress in Chemistry 2008;20:778-87. 

[39] Forsberg C, Bischoff B, Mansur LK, Trowbridge L, Tortorelli P. A lower- 
temperature Iodine-Westinghouse_Ispra Sulfur process for thermochemcial 
production of hydrogen. In: Proc. American nuclear society 2003 winter meet- 
ing. 2003. p. 16-20. 

[40] Seitarides Th, Athanasiou C, Zabaniotou A. Modular biomass gasification-based 
solid oxide fuel cells (SOFC) for sustainable development. Renewable and Sus- 
tainable Energy Reviews 2008;12:1251-76. 


[41] Ewan BCR, Allen RWK. Limiting thermodynamic efficiencies of thermochemical 
cycles used for hydrogen generation. Green Chemistry 2006;8:988-94. 

[42] RaissiT, Muradov N, Huang C, Adebiyi O. Hydrogen from solar via light-assisted 
high-temperature water-splitting cycles. Journal of Solar Energy Engineering 
2007;129:184-9. 

[43] Zhu J, Zach M. Nanostructured materials for photocatalytic hydrogen produc- 
tion. Current Opinion in Colloid and Interface Science 2009;14:260-9. 

[44] Tanksale A, Beltramini JN, Lu GM. A review of catalytic hydrogen produc- 
tion processes from biomass. Renewable and Sustainable Energy Reviews 
2010;14:166-82. 

[45] Harrison KW, Martin GW, Ramsden TG, Kramer WE, Novachek FJ. The wind-to- 
hydrogen project: operational experience, performance testing, and systems 
integration. Technical Report NREL/TP-550-44082; March 2009. 

[46] Takahashi R, Kinoshita H, Murata T, Tamura J, Sugimasa M, Komura A, et al. Out- 
put power smoothing and hydrogen production by using variable speed wind 
generators. IEEE Transactions on Industrial Electronics 2010;57(2):485-93. 

[47] Vega L. Survey of OTEC. Encyclopedia of energy, technology and environment; 
2005. 

[48] Demirel B, Scherer P, Yenigun O, Onay TT. Production of methane and 
hydrogen from biomass through conventional and high-rate anaerobic diges- 
tion processes. Critical Reviews in Environmental Science and Technology 
2010;40(2):116-46. 

[49] Modarresi A, Wukovits W, Friedl A. Application of exergy balances for eval- 
uation of process configurations for biological hydrogen production. Applied 
Thermal Engineering 2010;30(1):70-6. 

[50] Watanabe H, Yoshino H. Biohydrogen using leachate from an industrial waste 
landfill as inoculum. Renewable Energy 2010;35(5):921-4. 

[51] Abbasi T, Abbasi SA. The return to renewables: will it help in global warming 
control? Renewable and Sustainable Energy Reviews 2011;15:87-103. 

[52] Abbasi SA, Abbasi N. The likely adverse environmental impacts of renewable 
energy sources. Applied Energy 2000;65:121-44. 

[53] Abbasi T, Abbasi SA. Biomass energy and the environmental impacts associated 
with its production and utilization. Renewable and Sustainable Energy Reviews 
2010;14:919-37. 

[54] Abbasi SA, Soni R. Stress-induced enhancement of reproduction in earthworm 
Octochaetus pattoni exposed to chromium (VI) and mercury (II)—implications 
in environmental management. International Journal of Environmental Studies 
1983;22:43-7. 

[55] Abbasi SA, Soni R. Teratogenic effects of chromium (VI) in environment as evi- 
denced by the impact on larvae of amphibian Rana tigrina: implications in the 
environmental management of chromium. International Journal of Environ- 
mental Studies 1984;23:131-7. 

[56] Abbasi T, Abbasi SA. The boiling liquid expanding vapour explosion (BLEVE): 
Mechanism, consequence assessment, management. Journal of Hazardous 
Materials 2007;141(3):489-519. 

[57] Khan FI, Abbasi SA. Inherently safer design based on rapid risk analysis. Journal 
of Loss Prevention in the Process Industries 1998;11:361-72. 

[58] Khan FI, Abbasi SA. Assessment of risks posed by chemical 
industries—application of a new computer automated tool MAXCRED-III. 
Journal of Loss Prevention in the Process Industries 1999;12:455-69. 

[59] Abbasi T, Abbasi SA. Dust explosions-Cases, causes, consequences, and control. 
Journal of Hazardous Materials 2007;140(1-2):7-44. 

[60] Abbasi T, Tauseef SM, Abbasi AA. Risks of fire and explosion associated with 
the increasing use of liquefied petroleum gas. Journal of Failure Analysis and 
Prevention 2010;10:322-33. 

[61] Khan FI, Abbasi SA. An assessment of the likehood of occurrence, and 
the damage potential of domino effect (chain of accidents) in a typical 
cluster of industries. Journal of Loss Prevention in the Process Industries 
2001;14:283-306. 

[62] Levene J, Mann M, Margolis R, Milbrandt A. An analysis of hydrogen production 
from renewable electricity sources. Solar Energy 2007;81:773-80. 

[63] NRC (National Research Council). The hydrogen economy. Opportunities, costs, 
barriers and R&D needs. Washington, DC: National Academies Press; 2004. 

[64] Abbasi T, Abbasi SA. Production of clean energy by anaerobic digestion of 
phytomass—New prospects, for a global warming amelioration technology. 
Renewable and Sustainable Energy Reviews 2010;14:1653-9. 

[65] Abbasi T, Abbasi SA. The boiling liquid expanding vapour explosion (BLEVE) 
is fifty... and lives on! Journal of Loss Prevention in the Process Industries 
2008;21(4):485-7. 

[66] Abbasi T, Abbasi SA. Accidental risk of superheated liquids and a framework 
for predicting the superheat limit. Journal of Loss Prevention in the Process 
Industries 2007;20(2):165-81. 


